A nationwide GPS array with more than 1,000 permanent stations operated by the Geographical Survey Institute of Japan, has provided many invaluable deformation data such as co-and post-seismic, volcanic, and ongoing secular deformations in the Japanese islands. Based on daily coordinate data of the GEONET stations together with results from a regional network operated by Tohoku University, we derived a map of the strain rate distribution in NE Japan showing that there exists a notable strain concentration zone of EW contraction along the Volcanic Front. The area demonstrates active seismicity including some disastrous earthquakes. Recent seismic tomography studies have revealed the existence of inclined seismic low-velocity zones (LVZ) at depths shallower than ∼150 km in the mantle wedge sub-parallel to the subducted slab. The inclined LVZ reaches the Moho right beneath the Volcanic Front, indicating that the formation of the strain concentration zone is closely related to the rheological structure of the island-arc system.
Introduction
Surface deformation data, in combination with data of subsurface structure, are essential to understanding the mechanism of occurrence of inland earthquakes. In 1997 and 1998, intensified seismological experiments were carried out to understand the deformation process of the arc crust and its relation to the occurrence of large earthquakes in the northeastern (NE) Japan arc. Many temporary seismic stations were deployed to augment the regional seismic networks (Hasegawa and Hirata, 1999) . In cooperation with this project, a dense GPS network was also established in 1997 around Ou Backbone Range (OBR) to directly observe the deformation of the island-arc crust (Miura et al., 2002) . OBR runs through the middle of the Tohoku District, NE Japan, in the north-south direction. There exist many active volcanoes and active faults that have caused disastrous earthquakes. Suwa et al. (2004) improved the reliability in vertical component of displacement obtained by GPS observations by means of the Precise Point Positioning technique of GIPSY software, and estimated spatial distribution of interplate coupling during 1997-2001 from 3-dimensional velocity field using a geodetic inversion method. Their results show strong coupling along the plate boundary off Tokachi and off Miyagi, corresponding to the previously reported locations of asperities (Yamanaka and Kikuchi, 2004) .
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to reveal present strain field in NE Japan and interpret them together with other geophysical information, such as seismicity and subsurface structure obtained by seismic tomography.
Data Analyses
A nationwide GPS network, GEONET, composed of more than 1000 stations has been established by the Geographical Survey Institute (GSI) and has provided many invaluable deformation data such as co-and post-seismic (e.g. Heki et al., 1997; Miura et al., 2004 ), volcanic (e.g. Miura et al., 2000 Kimata et al., 2000) , and ongoing secular deformations in the Japanese islands (e.g. Sagiya et al., 2000; Miura et al., 2002) . Since GPS data we used in a previous study (Miura et al., 2002) were limited to the region between 38 and 40.5 deg. north, we extend the study region to north of 36 degree (Fig. 1 ) to investigate along-arc variation in the characteristics of deformation.
Baseline lengths of GEONET sometimes exceed 50 km in the OBR because of its mountainous topography. This separation of GPS stations is not short enough to observe deformation related to the occurrence of M6-7 earthquakes. We incorporated continuous GPS stations operated by Tohoku University to complement the location of GEONET stations in the OBR. Our GPS data are sampled every minute and transmitted through the Japanese University Satellite Seismic Telemetry Network System (JUSSTN), a satellite communication system (Urabe, 1996) , or a public telephone line using a modem. Collected data are analyzed using a precise point positioning (PPP) strategy of GIPSY/OASIS-II (Zumberge et al., 1997) , which has been used in many geodetical and geophysical applications (e.g. Ohtani et al., 2000; Aonashi et al., 2000; Takiguchi et al., 2000) . In our previous study, we derived site coordinates for GEONET from SINEX (Software Independent Exchange Format) data provided by GSI and combined them with our own analysis results. In this study, however, we processed all RINEX data both from GEONET and our network for the period from 1997 to 2001 to make site coordinates to be homogeneous and free from distortion due to the mixture of different reference frames and/or different analysis strategies. Figure 2 shows an example of time series of ITRF2000 coordinates derived at station AKT0 located in Akita city, along the Japan Sea coast. Most of the stations show linear trends in displacement. However, an exception is IWT0 located about 10 km southeast of Iwate volcano, which activated in the beginning of 1998 and caused distinct dilatational deformation in a denser local GPS network . IWT0 was displaced about 2 cm toward the southeast by the activity from February to August, 1998 and also displaced due to the moderate Shizukuishi earthquake with M6.1 which occurred about 10 km southwest of the volcano (Umino et al., 1998) . This station was not used for the estimation of strain field because its displacement rate was strongly affected by those activities.
Horizontal and Vertical Crustal Deformation
Derived by GPS Figure 3 shows a map of the horizontal station velocities relative to the Eurasian plate converted from the ITRF2000 velocities derived by the PPP analyses . Displacement rates toward the west-northwest are evident at stations along the Pacific coast. This deformation pattern is due to inter-plate coupling between the Pacific (PA) and the North American (NA) Plates (e.g. Nishimura et al., 2000) . In addition, there is a contrast in magnitude of displacement along the Pacific coast: larger in the southern part, while smaller in the northern part. This indicates that the interplate coupling is stronger in the south than in the north during the present observation period (Suwa et al., 2003) . Post-seismic deformation, clearly observed after the 1994 Far Off Sanriku Earthquake (M7.5), was attributed to after-slip distribution on the plate boundary by means of a geodetic inversion technique (e.g. Nishimura et al., 
2000)
. Smaller displacements along the northern Pacific coast suggest that the northern part of the plate boundary is still on the way to recovering interplate coupling. The large westward velocities along the Pacific coast become progressively smaller inland, indicating surface deformation caused by inter-plate coupling at the plate interface. The velocity field near the Japan Sea coast may be affected by interaction on the nascent plate boundary between the Eurasia plate and the North American plate (Nakamura, 1983; Kobayashi, 1983) along the eastern margin of the Japan Sea. The plate boundary is sometimes referred as that between the Amurian plate and the Okhotsku plate (e.g. Wei and Seno, 1998) , however, the reality of those small plates is still in discussion (e.g. Steblov et al., 2003) .
The ITRF2000 site coordinates obtained by Suwa et al., (2004) are subsequently transformed into latitudes, longitude, and heights on the WGS-84 ellipsoid. The vertical velocities shown in Fig. 4(a) are then defined as the rates of the ellipsoidal height with reference to the mass-center of the earth, which is identical to the center of the WGS-84 ellipsoid. It is not necessary to take the reference point on the surface into consideration as in the case of GPS height components from double-difference strategy and leveling surveys.
The resultant vertical velocities near the Japan Sea coast are around zero, or slightly uplifting, whereas those along the southern Pacific coast indicate subsidence. This specific pattern of vertical deformation is in good agreement with the results of previous leveling surveys conducted by GSI as shown in Fig. 4(b) . Although the observation period is different, the nodal line runs through around the same area as in the present study, which suggests that the vertical components of velocity derived by GPS are reliable.
Strain Rate Field
Horizontal velocities for individual stations have been calculated by fitting linear functions to the time-series of site coordinates. Those site velocities are interpolated to produce grid data with constant interval using the programs, blockmean and surface in GMT (General Mapping Tools, Wessel and Smith, 1991) . The former reads arbitrarily located 3-dimensional data and outputs a mean position and value for every non-empty block in a grid region defined as its arguments. The latter then reads the output from the former command to produce grid data by applying a parameter, T , which controls the roughness of the surface: T = 0 gives the minimum curvature solution and T = 1 gives a harmonic surface (Wessel and Smith, 1991) . In this study we adopt T = 0.25, which is often used for potential field data and a block size of 10 minutes by 10 minutes for averaging. The grid data of horizontal site velocities were then differentiated in space to obtain strain-rate estimates.
The distribution of principal strain rates of each grid point is shown in Fig. 5 , which is characterized by eastwest contraction and small north-south strain rates except for some localized regions. This agrees well with the fact that the typical focal mechanism of shallow intraplate earthquakes is dominated by east-west compression (Hasegawa et al., 1994; Kosuga et al., 1996) . Tada (1986) demonstrated east-west contraction in and around the OBR, together with north-south extension around the Kitakami Mountains, using triangulation and trilateration surveys conducted by the GSI. The east-west contraction in and around the OBR coincides with the present study, while the north-south extension is not obvious in Fig. 5 . This may be due to the difference in the observation period and/or the accuracy of the conventional surveys.
In our previous paper (Miura et al., 2002) we demonstrated a similar map of principal strain (see figure 6 in the paper), though it shows rather inhomogeneous distribution. This is partly caused by the difference in the length of time window: from 1997 to 2001 in this paper and from 1997 to 2000 in the previous one. It is obvious that the longer time window produces a reliable site velocity. In addition, we discarded the sites showing localized large velocities clearly due to monument instability such as the case of 960556 (N38.49678, E140.36512). The discrepancy may also reflect the difference in the analysis strategy: we processed RINEX data from GEONET stations and our own in this paper using the GIPSY/OASIS-II software, while we combined coordinates from the SINEX files for GEONET stations and from our own analyses in the previous paper. Figure 6 shows the east-west strain-rate field. Along the OBR, or the Volcanic Front, there exists notable concentration of east-west contraction, where the shallow seismicity is relatively active. The area also includes the focal areas of large earthquakes such as the 1896 Riku-u earthquake (M7.2, e.g. Matsuda et al., 1980) , the 1970 Southeastern Akita earthquake (M6.2, Hasegawa et al., 1974; Hasegawa et al., 1975) , the source region of the M5.9 and M5.7 sequence in 1996, and the 1998 Shizukuishi earthquake (M6.1, Umino et al., 1998) . Closely looking at Fig.  6 , there is another zone of strain concentration at the east of the Volcanic Front around 39 degree north, where the shallow seismicity is active, too. Concentration of shallow seismicity, high topography, and relatively large contractional deformation of the crust in the OBR was examined by Hasegawa et al. (2000) using the strain distribution in the direction of plate convergence derived by triangulation/trilateration in the last 100 years. They suggested this feature was caused by a horizontally inhomogeneous distribution of temperature within the crust. In addition, there occurred three major events in 1900 (M7.0), 1962 (M6.5, Kono et al., 1993 (M6.4, Okada et al., 2003 Umino et al. 2003; Miura et al., 2004) . Sagiya et al. (2000 Sagiya et al. ( , 2002 investigated the secular deformation field all over the Japanese islands using GEONET data to reveal the detailed characteristics of present-day strain distribution and the existence of the Niigata-Kobe Tectonic Zone (NKTZ) with strain rates larger than 0.1 ppm/yr, where six large earthquakes with M7 or larger have occurred in the last 200 years. Based on numerical experiments, Yamazaki and Seno (2004) showed that the highstrain-rate zone can be reproduced by a model with an effective elastic thickness of 30 km and with the presence of a localized low-viscosity zone (∼10 18 Pas) in the uppermost mantle beneath and seaward of the high strain rate zone. They suggested that the localized reduction in viscosity could be partly caused by serpentinization in the wedge mantle (Kamiya and Kobayashi, in preparation) and this viscosity heterogeneity in the uppermost mantle could be a possible origin of NKTZ.
Discussion
Vertical crustal deformation provides additional important information to construct models for the strain concentration zone. Vertical deformation in NE Japan shown in Fig. 4(a) should be produced by the tectonic source such as inter-plate coupling, and the response to the tectonic source determined by the elastic and/or viscous rheological structure. The latter may be observed as rather local deformation. Figure 7 shows the residual vertical deformation by subtracting the effect of inter-plate coupling, which is calculated by the back-slip model estimated by Suwa et al. (2003) , from the original vertical deformation shown in Fig. 4(a) . Because of the relatively larger estimation error Okada and Hasegawa (2000) , and those located by JMA, respectively. Fig. 9 . Schematic illustration of across-arc vertical cross-section of the crust and uppermost mantle, showing the deformation pattern of the crust and the characteristic shallow seismic activity beneath NE Japan (after Hasegawa et al., 2004). in vertical velocity, the resultant pattern is not quite as obvious as the horizontal strain rate, however, we can recognize uplift along the Volcanic Front and at its western part. This means that the strain concentration zone along the Volcanic Front is also slightly uplifting, and results from some local response to the near EW pressure force. Nakajima et al. (2001) estimated V p , V s , and V p /V s structures beneath NE Japan arc with high resolution to reveal that clear slow anomalies are inclined toward the back arc side in the mantle wedge nearly in parallel to the downdip direction of the subducted slab. Hasegawa and Nakajima (in press) suggested that the anomalies correspond to the upwelling-flow portion of subduction-induced convection. Figure 8 shows the distribution of V p /V s at the depth of 40 km just beneath Moho discontinuity obtained by Nakajima et al. (2001) and demonstrates that the area of larger anomaly runs along the Volcanic Front. The upwelling-flow meets the Moho just beneath the Volcanic Front and magmas thus transported are perhaps stagnated directly below the Moho. Existence of aqueous fluids may weaken the crustal rocks surrounding them. It is expected that this may cause the contraction locally concentrated along the Volcanic Front .
Comparing Fig. 8 with Fig. 7 , we recognize the broad correspondence between the V p /V s anomaly and the local uplift except for the area around 40N. The discrepancy in this area may be ascribed to rather local deformation with shallow sources such as the postseismic depression caused by asthenospheric readjustment after the 1896 Rikuu earthquake (M7.5) (Thatcher et al., 1980) , and the recent volcanic activity of Mt. Iwate in 1998 (e.g. Miura et al., 2000) .
Numerical simulations are essential to evaluate the perturbation of elastic and viscous rheological constants, which can explain the pattern of deformation, however, they are left for future studies. Here we just present a speculative model for the deformation process described above as a cartoon shown in Fig. 9 . Iio et al. (2004, this issue) constructed a two-dimensional finite element model to examine the stress accumulation process on an inland seismogenic fault. They found that the observed concentration of contraction and uplift around the fault can be explained by the model having the weak zone in the lower crust, suggesting that the weak zone in the lower crust plays an important role in the stress accumulation process on the inland active fault zone. Taking account of the zone of high V p /V s running along the Volcanic Front as shown in Fig. 8 , their model can be also applicable for the regional deformation study.
Conclusion
Five-year observations of crustal deformation by a dense GPS network in NE Honshu reveal a distinct concentration of east-west contraction and upheaval along the Volcanic Front. This feature agrees with focal mechanisms and hypocenter distributions of shallow intraplate earthquakes, the locations of active faults, and the distribution of V p /V s ratio at the depth of 40 km. This suggests that the strain concentration in the area can be related to the weakened structure of the crust and/or upper mantle.
